Abstract The seasonal trends in water use efficiency of sun and shade leaves of mature oak (Quercus robur) and sycamore (Acer pseudoplatanus) trees were assessed in the upper canopy of an English woodland. Intrinsic water use efficiency (net CO 2 assimilation rate/leaf conductance, A/g) was measured by gas exchange and inferred from C isotope discrimination (d 13 C) methods. Shade leaves had consistently lower d 13 C than sun leaves (by 1-2%), the difference being larger in sycamore. Buds had distinct sun and shade isotopic signatures before bud break and received an influx of 13 C-rich C before becoming net autotrophs. After leaf full expansion, d
Introduction
Terrestrial plants have evolved complex stomatal regulation mechanisms to avoid dehydration while allowing CO 2 uptake. The ratio of net CO 2 assimilation rate (A) per unit transpiration rate (T) is widely regarded as an important determinant of plant growth and success (see Morison et al. 2008) . The ratio A/T is often termed water use efficiency (WUE) or transpiration efficiency. There are several key determinants of WUE. First, air humidity and leaf temperature affect the ratio as they determine the 'driver' for transpiration, the leaf-to-air vapour pressure difference (De). Thus, several researchers have instead used the ratio of net CO 2 assimilation rate to stomatal conductance to water vapour (A/g s ) because T = DeÁg & DeÁg s if the leaf is well coupled to the air stream (i.e. when leaf conductance, g, is principally determined by g s ). This is often referred to as 'intrinsic water use efficiency' (Osmond et al. 1980; Seibt et al. 2008) . While the A/g s ratio is conservative, because of the close correlation of A and g s that normally occurs in changing conditions (e.g. Jones 2004), it is not a constant, as g s may vary with De or other factors in order to conserve leaf water status. At any given ambient CO 2 concentration (C a , lmol mol -1 ), the ratio A/g s is linearly related to the intercellular CO 2 partial pressure (C i , lmol mol -1 ) which reflects the balance between assimilation rate and stomatal aperture; high C i indicates low WUE (see e.g. Jones 2004; Morison et al. 2008) .
Secondly, the leaf physiological state, especially the nitrogen status and the partitioning between light harvesting and carboxylation components, affects the rate of photosynthesis (Evans 1989) . Comparison across broad plant types has shown that a high leaf N content can confer a high WUE (Field 1983; Gutschick 1999) . Nitrogen is usually distributed in the canopy in such a way as to maximise photosynthesis, corresponding with the distribution of mean light intensity (e.g. Ellsworth and Reich 1993; Kull and Niinemets 1993; Hirose 2005) . Across habitats and plant functional types and in different growth conditions stomatal conductance is usually tightly correlated with photosynthetic rate (e.g. Wong et al. 1979; Schulze et al. 1994 ). Thus, it might be expected that leaves in shaded positions in canopies should have similar A/g s to sun leaves, potentially resulting in higher WUE in the shade, because of lower leaf temperatures and higher humidity, but there is surprisingly little published data. However, in previous work in an English oak woodland, Morecroft and Roberts (1999) found that shade leaves in the upper canopy often had rates of CO 2 assimilation near zero, although g s was appreciable. Therefore, C i was usually higher and measured WUE lower in the shade. Leaves in the shade may depend on CO 2 uptake during brief sunflecks (Pearcy et al. 1996; Pearcy 1998) , and thus maintain open stomata to utilise these episodes, resulting in low average WUE. However, the contribution of shade leaves to the overall water and carbon balance of the canopy is unclear.
Measurement of leaf gas exchange in tree canopies is laborious. It is difficult to obtain a reliable sample because of access difficulties, the continually changing conditions, and the very different response times of A and g s to light. This is a particular problem for shaded leaves where light intensity changes rapidly with leaf movement. Thus, a gas exchange sample may well be inadequate and biased, especially given that leaf chambers can influence the conditions around the leaf, particularly De. Better estimates of long-term water use efficiency could potentially be provided by the 13 C discrimination method (Farquhar et al. 1982) . Biochemical discrimination against the heavier isotope 13 C, compared to 12 C, results in the incorporation of higher levels of 13 C into leaf tissues when C i /C a is low, as occurs in sun leaves. Farquhar et al. (1982 Farquhar et al. ( , 1989 showed that season-long, leaf-scale WUE, integrated up to the sample collection date can be calculated from the 13 C discrimination data:
where the factor 1.6 is the ratio of the diffusivities of CO 2 and water vapour in air. It follows that an integrated ''intrinsic water use efficiency'' (A*/g*) can also be calculated:
However, WUE derived from carbon isotope discrimination cannot easily be scaled up to a whole plant or canopy level, as not all carbon and water losses are accounted for by leaf A or T (Farquhar et al. 1989) . Carbon may be exported from the shoots or water may be lost independent of CO 2 uptake (for example, through incompletely closed stomata at night). In addition, reductions in g s cause changes in leaf temperature, affecting De, although the size of the temperature change depends upon the degree of coupling of the leaf to the air stream. Most importantly, the d 13 C of leaf material changes during leaf growth in woody species because of changing carbon sources from stored reserves to current photosynthate (e.g. Lowdon and Dyck 1974; Damesin and Lelarge 2003; Helle and Schleser 2004) . Thus, a general decline in d 13 C has been observed as leaves mature (Garten and Taylor 1992; Rao et al. 1994; Terwilliger 1997; Morecroft and Roberts 1999; Chevillat et al. 2005) and stems and buds often have higher d 13 C (less negative) than leaf tissues (e.g. Helle and Schleser 2004) . Furthermore, use of stem reserves and timing of cambial activity for radial growth in the spring differs between ringporous and diffuse-porous species (Kozlowski 1992; Barbaroux and Bréda 2002; Helle and Schleser 2004) and may also differ for leaf growth.
Acer and Quercus species co-occur in many temperate deciduous woodland habitats, but Acer spp. have often been shown to be more drought sensitive than Quercus spp. (e.g. Oren and Pataki 2001; Bovard et al. 2005) . They also show different patterns of seasonal leaf and photosynthetic development (e.g. Wilson et al. 2000) . Therefore, we expected differences in WUE between species and between sun and shade leaves. In this study, both gas exchange measurements and d 13 C determination were used to determine the season-long, integrated WUE of oak (Q. robur (L.)) and sycamore (A. pseudoplatanus (L.)) sun and shade leaves in the upper part of a mature canopy. The aims were as follows:
(1) To compare values of intrinsic water use efficiency, A/g s , for both sun and shade leaves in the upper canopy of the two contrasting tree species; (2) To describe the seasonal pattern of leaf d 13 C in the canopy in the ring-porous, determinate oak with the diffuse-porous, indeterminate sycamore.
Methods and materials
Fieldwork was carried out at Wytham Woods, Oxfordshire, UK (51°46 0 N 1°20 0 W, Grid reference SP4608), a W8e woodland in the British National Vegetation Classification (Rodwell 1991) ; Geranium robertianum sub-community of Fraxinus-Acer campestre-Mercurialis (W8). The dominant canopy species was pedunculate oak (Q. robur) with sycamore (A. pseudoplatanus), ash (Fraxinus excelsior L.), beech (Fagus sylvatica L.) and birch (Betula pendula Roth.) also reaching the upper canopy. Maximum canopy height was 17.5 m, and canopy depth was approximately 10 m; a scaffolding and plank walkway allowed access to the upper canopy. Oak trees were 150-200 years old and sycamore trees were 50-100 years old. Further site details are given by Morecroft et al. (1998 Morecroft et al. ( , 2003 , Morecroft and Roberts (1999) and Stokes et al. (2006) .
Leaves were sampled from the upper 3 m of the crowns of five oak and five sycamore trees, at weekly (during Spring and Autumn) or fortnightly (during Summer) intervals for two growing seasons. The 'sun' leaves were from very exposed canopy locations and were rarely shaded and shade leaves were from sheltered upper canopy locations that rarely received direct sun due to shading by other leaves.
Carbon isotope discrimination and N content determination
In 1999, carbon isotope discrimination was determined on pooled samples of the same species and light environment for each date. In 2000, each leaf sample was analysed individually, allowing intraspecific differences to be analysed; however, for the early Spring bud samples, tissues were pooled as in 1999, because the mass of individual buds was too low. Oven dried leaf samples were ground using a liquid nitrogen freezer/mill (SPEX 6700, Glen Creston Ltd, Stanmore, Middlesex, UK). Samples were weighed (2 mg ± 0.2 mg in 1999, 1.1 mg ± 0.02 mg in 2000) into a 6 mm 9 4 mm tin capsule using a high-precision microbalance. The sealed capsules were combusted using an automated Carlo Erba NA 1500 (VWR International Ltd, Poole, Dorset, UK) elemental analyser coupled to an isotope ratio mass spectrometer. Reference samples were analysed regularly for quality control. The nitrogen content of the ground leaf samples was also analysed by a mass spectrometer (Elementar Vario EL, Elementar Analysensysteme GmbH, Hanau, Germany).
Gas exchange analysis
Measurements of assimilation rate (A, lmol CO 2 m -2 s -1 ), transpiration rate (T, mmol H 2 O vapour m -2 s -1 ) and stomatal conductance to water vapour (g s , mmol m -2 s -1 ) were made on oak and sycamore sun and shade leaves under ambient light conditions throughout the season from May to November in 1999 and 2000. Measurements were made using a portable gas exchange system (CIRAS 1 & 2, PP Systems, Hitchin, Herts, UK) fitted with a 2.5 cm 2 broadleaf leaf cuvette (PLC (B) and PLC6U, PP Systems). The cuvette CO 2 concentration and humidity were set to ambient levels. Leaf temperature was calculated from energy balance calculations, and boundary layer conductance was measured as 3.6 and 2.8 mol m -2 s -1 for the two different cuvettes. Measurements were taken between 09:00 and 14:00 h GMT several times a week in dry weather conditions. On each occasion, for each tree and light environment, five leaves were measured. Five recordings were taken over a period of 1 min for each leaf, which were then averaged. Means and standard errors were calculated using the five leaves means per tree for each occasion and for sun and shade conditions separately. Intrinsic water use efficiency was calculated as the ratio of A/g s from the mean A and g s values for each tree, light environment and time.
Statistical analysis
Repeated measures analysis of variance was used with 'date' as the within-subject factor and year, species or light environment as between-subject factors, as appropriate. Analyses were carried out with the GLM function in SPSS v11.5.
Results

Gas exchange measurements of leaf A and A/g s
Mean daily values of net CO 2 assimilation rate, A, showed strong seasonal patterns in the sun leaves that differed between the two species ( Fig. 1 ). For oak sun leaves, A increased over the first 50 days after bud break (DOY (day of year) 105), was high (up to 17 lmol m -2 s -1 ) but variable in the mid-season, before declining after DOY 270. In contrast, sycamore sun leaf A was moderate (approximately 10 lmol m -2 s -1 ) early in the year (from first measurements up to DOY 225), then declined to low values by DOY 280. Shade leaf assimilation rate was often below zero in both species (indicating net respiration). Mean seasonal values of A in sycamore sun leaves were 63 and 69% of the rates in oak leaves, in 1999 and 2000, respectively (Table 1) , but there was no significant difference in A of shade leaves between species.
Intrinsic water use efficiency, A/g s , showed similar seasonal patterns to A (Fig. 2) , with the low and sometimes Trees (2010) 24:297-306 299 negative A rates of shade leaves resulting in low or negative A/g s . The considerable variation in A/g s indicated that there was little correlation of g s with A across the different measurement conditions, although mean seasonal values were closely similar between species (Table 1) .
C discrimination in leaves
There were significant differences in whole leaf d 13 C between sun and shade leaves in both years (P \ 0.001, Fig. 3 ; Table 1 ) but not between species. In early and midseason, shade leaves had approximately 1.5-2% lower d
13 C values than sun leaves in sycamore, and 1% lower in oak (Fig. 3) . However, in both years, sun and shade values converged slightly by the end of the season, after the onset of senescence (approximately DOY 280). The d
13
C values of leaves of each species and light environment did not vary significantly between years. In the mid-season period between DOY 180-275 in both years, sycamore sun leaves had slightly higher d 13 C than the corresponding oak sun leaves (Figs. 3, 4) . In 2000, samples for different trees were not pooled, and there were significant differences between trees (P \ 0.001). Mean d 13 C over the season for sun leaves of different trees ranged from -26.8 (SE ± 0.2) to -28.2 (±0.3) in oak and -26.7 (±0.4) to -28.0 (±0.3) in sycamore. The tree-to-tree variation in d 13 C was the same size as the mean difference between sun and shade leaves.
In early 2000 (DOY 102), the bud d 13 C values were 3-5% higher than in the leaves at the end of the previous season (Figs. 3b, 4) . Furthermore, the d 13 C of the buds were distinct, ranging from -23.5% for sycamore sun buds, to -28.2% for oak shade buds, although the small size of the buds meant that samples had to be pooled, so no statistical comparison can be done. As buds swelled the d 13 C values increased sharply, then declined as buds broke (bud break was defined as 50% of buds showing green tissues). From DOY 135 (leaves approximately half expanded), leaf CO 2 assimilation increased, particularly in sycamore, corresponding with the markedly more rapid decline in d 13 C of sycamore leaves than oak leaves. From DOY 120 to 170 all leaf types became more depleted in d 13 C by 2-4%, corresponding with rapid leaf expansion up to DOY 140. Figure 4 demonstrates the high d 13 C in buds compared to leaves at the end of the year, the reduction in d 13 C as leaves mature and the similarity in d 13 C values between the 2 years.
Changes in leaf d 13 C were associated with changes in tissue composition as the leaves matured, as indicated by the leaf % water content (Fig. 5) . There was an almost linear reduction for most of the growing season, although the first four d
13 C values in the time sequence were considerably higher for sycamore. These linear relationships were approximately parallel for both sun and shade positions and species (Fig. 5) and were also similar between years (data not shown). It is clear that the whole leaf d
13 C values were different between sun and shade leaves, but early in the season were strongly influenced by the signal of imported carbohydrate. It is only after leaves reached maturity that the d 13 C values stabilised to those reflecting the leaf activity.
Calculated A*/g* Long-term intrinsic water use efficiency (A*/g*) was calculated from the d 13 C values after bud break according to Farquhar et al. (1982) assuming an ambient canopy CO 2 concentration of 350 lmol mol -1 (Table 1) . For sun leaves in both oak and sycamore, the d 13 C-derived A*/g* value was approximately 50% higher than A/g s derived from gas exchange measurements throughout the season. However, valid comparison should use g not g s , and therefore g b must be known, unless g b ) g s . Furthermore, g b needs to be the value in the canopy, not the value in the leaf chamber during gas exchange measurement. In 2001, g b was estimated through most of the leafed season using heated leaf replicas (see Stokes et al. 2006) . Mean values of g b (for water vapour) were 0.53 and 0.48 mol m -2 s -1 for oak sun and shade, respectively, and 0.35 mol m -2 s -1 for both sycamore leaf positions. Assuming these mean g b values were also representative of those in 1999 and 2000, they were used to calculate mean seasonal A/g from the daily mean gas exchange values (Table 1) . For oak and sycamore sun leaves, the estimated mean A/g values were only 18 and 13% lower than the d 13 C-derived A*/g* in 2000 (Table 1) . For shade leaves, the d 13 C-derived A*/g* values were 15-25% lower than the value for sun leaves. However, A*/g* was five-to sixfold higher than the very low value of A/g estimated from gas exchange and g b measurements (Table 1) .
Discussion
Assimilation rate and intrinsic water use efficiency values
Values of net CO 2 assimilation rate for fully exposed sun leaves (Table 1) were similar to those found in other studies with deciduous oak (Quercus spp.) and maple (Acer spp.) trees (e.g. Sullivan et al. 1996; Bassow and Bazzaz 1998) . The differences between A of sun and shade leaves found here do not agree as closely with those previously published, probably because the degree of shade is difficult to compare. Catovsky et al. (2002) reported mean A in the sun and shade of 13 and 2 lmol m -2 s -1 , respectively, for Q. rubra and 6 and 2 lmol m -2 s -1 for A. rubrum, the higher rates in the shade than observed here suggesting less dense shade (see Table 1 responding similarly to some forest floor species, by maintaining moderate g s maximising CO 2 assimilation when they are briefly illuminated (e.g. Pearcy et al. 1996) . Urban et al. (2007) found that shade leaves of A. pseudoplatanus reached 90% of photosynthetic induction and stomatal opening more quickly than sun leaves.
Comparison of d
13 C values between species
The values of d 13 C for leaves of both species measured here (-27% to -29%, Table 1 ) were closely comparable to others for broadleaved, temperate, humid forests (see Table compiled by Chevillat et al. 2005; Hölscher 2004 ). There was no significant difference in d 13 C between the two species agreeing with the similarity in gas exchangederived A/g s (Table 1; Fig. 2) . Little difference between leaf d
13 C values of co-occurring species has also been found by Garten and Taylor (1992) , Hölscher (2004) and Chevillat et al. (2005) . This agrees with the generally conservative value of C i /C a that is found in similar plant functional types and habitats, due to the close match of stomatal conductance and CO 2 assimilation rate (e.g. Wong et al. 1979; Schulze et al. 1994) . In contrast, differences between species in d 13 C have been found that accord with the species preferred ecological conditions, for example in comparison with mature trees of Q. robur and Q. petraea, which differ by just 1% (Ponton et al. 2001 ).
Sun and shade leaves
The 1-2% lower d
13
C values in shade than sun leaves were similar to many previous observations (e.g. Buchmann et al. 1997; Pearcy 1998; Morecroft and Roberts 1999; Le Roux et al. 2001; Helle and Schleser 2004; Chevillat et al. 2005) . Hypotheses previously suggested include increased water stress in sun leaves and thus increased stomatal limitation and consequent reduced C i /C a , differences in ambient air d 13 C due to distance from respiratory sources in the soil, and differences in De or differences in light and consequently altered internal conductance to CO 2 (Le Roux et al. 2001; Seibt et al. 2008) . However, here, as the sun and shade leaves sampled were close to each other in the upper canopy, and as these leaves were usually well coupled to the canopy air flow (Stokes et al. 2006 ), we agree with Chevillat et al. (2005) and others that differences in source air are unlikely. It is probable that it is caused by the higher light regime, driving higher CO 2 assimilation rates, and consequently a lower C i /C a than in shade leaves. The difference in d 13 C between sun and shade leaves may be larger in sycamore leaves (-1.5 to -2.0%, compared with -1.0% in oak, Table 1) because they have large leaves with less branching thus creating a denser shade than in oak; leaves in deep shade in the lower canopy have even lower d 13 C (Broadmeadow et al. 1992; Buchmann et al. 1997) .
From the first measurement in Spring 2000, buds had a distinctive sun or shade d 13 C signature, which was probably determined by the light environment of the parent branch during the previous year. The observation that the d 13 C is distinct from buds that were spatially separated by \2 m clearly supports the carbon autonomy of even quite small branches (Sprugel et al. 1991) and indicates that buds use local carbohydrate stores for leaf expansion, presumably in ray cells in small branches and twigs.
Seasonal pattern in d 13 C
Large changes in d 13 C of bud and leaf tissues through the season have been reported previously, e.g. Leavitt and Long (1985) and Chevillat et al. (2005) . Given the very low photosynthetic rates in the early spring (from DOY 135; Fig. 1 ), the early changes in d 13 C are likely to reflect changing tissue composition through carbohydrate import and transformation. The rapid decline in d 13 C after bud break may also have been partly caused by the loss of bud scales, which were included in bud samples prior to bud break. Scales may have had d
13 C values closer to stem tissues, which are generally higher than for leaves (mean value of 1.9%, Badeck et al. 2005 ; see also Cernusak et al. 2009 ). The expanding leaves continued to show large declines in d 13 C which are similar to those described for Q. pubescens (Damesin et al. 1998) and Fagus sylvaticus (Damesin and Lelarge 2003; Helle and Schleser 2004) . Helle and Schleser (2004) proposed a 3-phase explanation; first an early season stage when tissue growth is dominated by starch-derived (and consequently 13 C-enriched) carbon from storage in ray cells or stem phloem. The differences between oak and sycamore in this phase may reflect carbohydrate availability as ring-porous oak trees show much larger depletions of non-structural carbohydrate in the stem during bud burst than diffuse-porous beech (Barbaroux and Bréda 2002) . The second phase is a decline in stem and leaf d 13 C during the main growing season, due to the C pool for growth gradually changing from starch reserves to current photosynthate. This was clearly evident here (Fig. 3) ; in oak the low spring A rate resulted in a more gradual decline compared to sycamore leaves. An additional contribution to the changing 13 C signature may come from refixation of high concentrations of respired 13 C-enriched CO 2 from the stem carried up in the xylem sap (Levy et al. 1999; Helle and Schleser 2004) . Keel et al. (2006) inferred from experiments with high CO 2 that in Q. petraea leaves only 39% of the d 13 C signal came from the current season's photosynthate. The third phase identified by Helle and Schleser (2004) was a small increase in d 13 C late in the growing season as leaves senesce, although this was not Trees (2010) 24:297-306 303 evident here. We also note a fourth overwintering phase, during which discrimination in bud processes (such as translocation, storage and remobilisation) result in early season bud values of d 13 C which are 3-5% higher than those of the leaves at the end of the previous season.
The changing balance in 13 C between newly fixed and 'old' C means that it is difficult to interpret whole-tissue d
13 C values as resulting from environmental effects on leaf gas exchange unambiguously. In both years, there was a slight reduction in d 13 C (approximately -0.5%) between leaf maturity and the start of senescence (Fig. 3) . This is the opposite trend to that expected to occur because of reduced g s and C i /C a caused by with higher light, warmer temperatures, higher De and possible increased water stress associated with mid-and late summer. Although the gas exchange data were highly variable, there is some indication that A/g s measured is higher in the earlier summer, at least in sycamore (Fig. 2) . Thus, it is likely that such environmental effects are masked by the changing balance of new and old C. Recent developments in examining d 13 C of different components of leaf tissues, particularly rapidly turning-over carbohydrates, are likely to prove more useful than whole-tissue analyses (e.g. Damesin and Lelarge 2003; Eglin et al. 2009 ).
Calculated A*/g* and A/g s Both d
13 C-derived A*/g* and gas exchange-derived A/g s showed that there were no significant differences between sycamore and oak (Table 1) . For sun leaves, the two approaches agreed to within 10-16% when the comparison accounted for the boundary layer conductance, g b , which is clearly important, even if leaves are well coupled for much of the time in the upper canopy (Stokes et al. 2006) . The higher A*/g* value is surprising, given that respiration losses should reduce the seasonal integrated value. However, the differences probably reflect the inadequate sampling for A/g s , uncertainties over the exact value for g b , which will depend upon the wind speed in the canopy, and the large influence of the changing balance between current and stored photosynthate. For shade leaves, there was no agreement at all, as the mean gas exchange-derived A/g values were so low. This is probably due to the difficulty in ensuring a sufficient sample of gas exchange measurements across leaves, weather and light conditions and times of day and to the different response times of A and g s . It is likely that in the open, upper canopy where these measurements took place that 'shade' leaves receive full sunshine at times, particularly at low sun angles. Picon et al. (1996 Picon et al. ( , 1997 also found that instantaneous gas exchange measurements of A/g for Q. robur and Q. petraea were not representative of the daily, integrated values derived from d 13 C, even when C isotopic discrimination was measured on soluble carbohydrates rather than whole leaves. The results here reinforce the conclusion of Picon et al. (1997) that spot measurements of leaf gas exchange do not represent the daily integrated values. Furthermore, Seibt et al. (2008) have recently analysed the different factors that control the instantaneous, intrinsic and integrated WUE values and highlighted that WUE can vary independently of d 13 C.
Conclusions
There was no difference between oak and sycamore leaf WUE in the upper canopy, either determined by d 13 C or gas exchange methods. Shade leaves had much lower WUE than the sun leaves, but it was difficult to estimate reliably from gas exchange measurements in the shade. Measurements of the seasonal time course of leaf d 13 C showed that carbohydrate import during bud break, leaf development and senescence means that it is difficult to interpret wholetissue d
13 C values only in terms of estimated WUE. 
